Abstract Aging, injuries, and diseases can be considered as the result of malfunctioning or damaged cells. Regenerative medicine aims to restore tissue homeostasis by repairing or replacing cells, tissues, or damaged organs, by linking and combining different disciplines including engineering, technology, biology, and medicine. To pursue these goals, the discipline is taking advantage of pluripotent stem cells (PSCs), a peculiar type of cell possessing the ability to differentiate into every cell type of the body. Human PSCs can be isolated from the blastocysts and maintained in culture indefinitely, giving rise to the so-called embryonic stem cells (ESCs). However, since 2006, it is possible to restore in an adult cell a pluripotent ESC-like condition by forcing the expression of four transcription factors with the rejuvenating reprogramming technology invented by Yamanaka. Then the two types of PSC can be differentiated, using standardized protocols, towards the cell type necessary for the regeneration. Although the use of these derivatives for therapeutic transplantation is still in the preliminary phase of safety and efficacy studies, a lot of efforts are presently taking place to discover the biological mechanisms underlying genetic pathologies, by differentiating induced PSCs derived from patients, and new therapies by challenging PSC-derived cells in drug screening.
Introduction
Gastrulation is the central phase of embryogenesis that transforms the blastocyst into a structure comprising the primary germ layers of the embryo. Before gastrulation, the inner cell mass of the blastocyst consists of a single homogeneous population, while, with the onset of gastrulation, clonal groups of cells restrict their developing fate. Indeed, starting from the pluripotent epiblast, three germ layers are specified, rearranged, and shaped into the body plan (Solnica-Krezel and Sepich 2012) .
The determination of cell fate is a stepwise process that involves a combination of transcription factors (TFs) that, by binding to specific DNA sequences, control the transcription of the genetic information from DNA to messenger RNA. In 1987, the possibility to convert cellular lineage by forcing the expression of a single transfected cDNA was shown for the first time (Davis et al. 1987) . Indeed, when the TF MyoD1 was expressed in fibroblasts or adipoblast cell lines, myotube formation as for skeletal muscle cells was observed, thus demonstrating the TF-mediated conversion of cell typeexperiments suggest the instructive role of TFs in determining the cell type. Indeed, GATA1 expression converts monocytic precursors to erythroid-megakaryocytic cells or eosinophils (Kulessa et al. 1995) while Pax5 ablation or C/EBPa transduction convert B cells into macrophages (Nutt et al. 1999; Xie et al. 2004) .
In 1981, the inner cell mass of the developing murine blastocyst was firstly isolated, dissociated, and cultured in vitro to obtain an embryonic stem cell (ESC) line with unlimited, undifferentiated proliferative potential (Evans and Kaufman 1981; Martin 1981 ). In 1998, human embryos, produced for clinical purposes by in vitro fertilization techniques, were cultured to the blastocyst stage; their inner cell masses were isolated by immunosurgery, plated on irradiated mouse embryonic fibroblasts, and cultured indefinitely as human ESC (Thomson et al. 1998) . This procedure, which implies the destruction of a human embryo, has been the subject of profound, warm, and living discussions in ethics and morality (Annas et al. 1996; Doerflinger 1999; Robertson 2001) .
Using murine-and human-derived ESC, several studies identified key genes, mainly TFs, directly linked to the maintenance of cell renewal (e.g., Oct 3/4; Niwa 2001) and pluripotency (e.g., Nanog; Mitsui et al. 2003) , the two properties that define a cell as a stem cell.
In 2006, Shinya Yamanaka demonstrated the possibility to use TF not only to change cell fate but also to encompass the gastrulation process. Yamanaka undertook the challenge of finding the proper combination of transcription factors that converts mouse embryonic fibroblasts into induced pluripotent stem cells (iPSCs), an artificial state strictly related to ESC (Takahashi and Yamanaka 2006) . The reprogramming procedure appeared to be very efficient when the combination of four TFs Oct4, Sox2, Klf4, and c-Myc (OSKM factors, also called Yamanaka's factors) was applied. One year later, Yamanaka's group successfully derived iPSCs also from human fibroblasts (Takahashi et al. 2007) , thus opening the way to the therapeutic use in regenerative medicine of cells directly differentiated from iPSCs.
The outstanding innovation of Yamanaka's procedure is the possibility to derive iPSCs from an individual patient and then transplant autologous iPSC derivatives for therapeutic/regenerative medicine. In the last decade, several reprogramming techniques that generate human PSCs from differentiated somatic cells have been successfully developed (Takahashi and Yamanaka 2006; Takahashi et al. 2007; Yu et al. 2007; Chung et al. 2014; Tachibana et al. 2013) , and a number of protocols have been established to improve the induced reprogramming technique (Maherali and Hochedlinger 2008; González et al. 2011; Brouwer et al. 2016) . The purpose of this extensive research resides in obtaining reprogrammed cells devoid of any genetic changes in chromosomal DNA induced by the reprogramming process.
Cell reprogramming
The reprogramming process serves to reawaken the endogenous TFs that characterize a pluripotent cell. Once the pluripotency-associated TFs are switched on by the transient ectopic expression of OSKM factors, the cell will indeed remain in the embryonic stem-like state (Stadtfeld and Hochedlinger 2010) . A summary of the different reprogramming methods, together with the pros and cons of the specific technology, is reported in Table 1 .
The delivery of the OSKM transcription factors into a mouse or human fibroblasts was originally achieved using modified retroviruses that provide a relatively easy and efficient way of introducing exogenous genes into somatic cells. However, since retroviruses do not pass the nuclear membrane, the gene transduction mediated by retroviral vectors is effective only in actively dividing cells (Matreyek and Engelman 2013) .
Lentiviruses, unlike retroviruses, are able to transduce both non-dividing (slowly dividing or quiescent but metabolically active cells) and dividing cells. Then, lentiviral-based vectors were introduced to enhance the reprogramming process. In particular, lentiviral-derived polycistronic vectors have allowed the contemporary introduction of OSKM genes in a cell, a feature that considerably reduces vector copy number integration per cell. This procedure significantly decreased the risk for insertional mutagenesis and greatly enhanced the efficiency of the process.
Nevertheless, even though lentiviral-based vectors have been used in clinics to sustain the expression of arylsulfatase A (Biffi et al. 2013) or WASP (Aiuti et al. 2013) , the exogenous viral DNA sequences inserted in the patient's genome will last forever, thus limiting the use of the transduced cells to compassionate medicine patients.
Based on their behavior as episomal nonintegrating DNA, adenoviral vectors have been considered as agents for cell reprogramming and indeed replication-defective adenoviruses expressing OSKM factors have been proven to be useful for the derivation of iPSCs from liver cells and fibroblasts (Stadtfeld et al. 2008) .
As an alternative to viral delivery, non-integrating reprogramming approaches based on the use of episomal plasmid DNA vectors, EBNA-based vectors, or minicircle DNA have been developed, although, as well as in the adenoviral system, the efficiency of human-induced PSC (hiPSC) generation remains low (for a review, see Park et al. 2014) .
In 2011, the efficient generation of transgene-free human iPSCs by temperature-sensitive Sendai virus (SeV) vectors has been reported (Ban et al. 2011) . SeV efficiently introduces into the cells singlestranded RNA which remains in the cytoplasm and involves neither DNA intermediates nor the integration into the host genome (Bitzer et al. 2003) . In a d d i t i o n , t h e S e V v e c t o r c o n t a i n in g t h e reprogrammed genes can be cleared from the host cell using the functional temperature sensitivity mutations introduced into the key viral proteins (Ban et al. 2011) . Indeed, recombinant F gene-deleted, nontransmissible SeV has already been used in the gene therapy approach, demonstrating no serious adverse event related to its administration (ClinicalTrials.gov identifier: NCT02276937). Kim et al. 2009 Cell Biol Toxicol (2017 PSCs and tumor formation
By definition, a cell is pluripotent if it can differentiate into cells derived from all three of the embryonic germ layers: ectoderm, mesoderm, and endoderm. There are several types of in vitro and in vivo assays to be performed in order to demonstrate that the procedure invented by Yamanaka indeed generates pluripotent cells. Among them, the teratoma formation assay serves as a robust and relatively simple way to demonstrate pluripotency. Briefly, the assay consists in injecting the cells, which are supposed to be pluripotent, in immunodeficient mice and waiting for the formation of a tumor. In the case of pluripotent cells, a teratoma, the classical tumor of germ cells, will arise, containing derivatives from all three of the germ layers. Indeed, the identification within the tumor of structures belonging to the three germ layers confirms the pluripotency of the cell line (Bulic-Jakus et al. 2016 ).
The concept that iPSCs, as well as ESCs, will form a teratoma if xeno-or allo-grafted strongly hampers their use in the clinical practice even if regenerative medicine procedures do not intend to use the iPSCs themselves but cells obtained from their differentiation. Although xenograft models may not accurately predict the fate of grafted cells in humans, for the most application it may be necessary to treat patients with billions of cells, for which the security process leading to the complete absence of undifferentiated cells must be greatly increased.
Nevertheless, the identification of surface markers specific for tumor-forming PSCs (Tang et al. 2011) or drugs that selectively suppress undifferentiated iPSC (Lee et al. 2013 ) will surely give rise to safe transplantable cells with no or minimal risk for tumor formation.
PSC-differentiated derivatives
iPSCs, like ESCs, have the potential to differentiate into every cell type of the body. Although several labs reported the transdifferentiation of adult mesenchymal stem cells in hepatocytes (e.g., Wu and Tao 2012), pancreatic islet cells (Bhonde et al. 2014) , neurons (for a review, see Scuteri et al. 2011) , or cardiomyocytes (e.g., Choi et al. 2010) , the utilized protocols are poorly reproducible. At variance, several commercial kits to derive these and other types of terminally differentiated cells directly from PSCs are already available (see the catalog of the following companies: Thermo Fisher Scientific, Stem Cell Technologies, Pluriomics, R&D Systems, Clontech, Axol). Indeed, the fact that the companies sell commercial products guarantees a wide standardization leading to greater reproducibility of the methods that will be reflected in the quality of the obtained cells.
An updated list of cells that have been derived from both human ESCs or iPSCs can be found at the following website:https://research.cchmc. org/stemcell/differentiation#Directed_hPSC_diff_ in_the_PSCF Since the two cell types of PSC are very close (Mallon et al. 2014) , the various differentiation protocols were applied indifferently or with some minor modifications. As shown, labile, stable, or perennial cells belonging to all of the three germ layers are reported, thus confirming the enormous differentiation capability of PSCs. Moreover, methods to obtain complex stem cell-derived autoassembling functional tissues, the so-called organoids, have been described. By definition, an organoid contains several cell types that self-organize similarly to the in vivo organogenesis process (for a review, see Lancaster and Knoblich 2014) . During these years, the amelioration in the differentiation protocols of human PSCs has greatly improved the generation of these structures that have, even more than of single PSC derivatives, the potential to model the developmental process and the disease, thus representing a tool for drug testing as well as for therapeutic approach. Indeed, pulmonary (Dye et al. 2015) , intestinal (Spence et al. 2011) , retinal (Zhong et al. 2014) , hepatic (Takebe et al. 2014) , cerebral (Lancaster et al. 2013) , or optic cup organoids (Nakano et al. 2012 ) have been successfully derived.
A major problem for the study of PSC or PSCderived organoid resides in their functional immaturity. In the reprogramming process, cells undergo a Brejuvenation^that will produce terminally differentiated cells exhibiting features similar to the fetal or embryonic counterpart. Although in some experiments the age of the cells is a negligible detail, it would be appropriate to achieve a certain degree of maturation when modeling age-related diseases, e.g., neurodegenerative disorders. Indeed, long-term culture of dopaminergic neurons, supported by a monolayer of mouse postnatal cortical astrocytes, showed the expected features of maturation, including complex dendritic arborizations (Sánchez-Danés et al. 2012 ).
PSC-related clinical trials
Nowadays, the search for PSC-based clinical trials in the Bclinicaltrials.gov^website returns 51 results. Most of these studies are recruiting patients for disease modeling, some of which (less than 10%) are generating terminally differentiated cells for drug screening, while only one study, not yet opened, will use PSC derivatives in transplants (ClinicalTrials.gov identifier: NCT02464956).
PSC in disease modeling
In the past, disease modeling studies have been carried out using cellular or animal models. In the first case, several attempts have been made on immortalized cells, whose DNA has been modified according to the mutation which is thought to cause the disease; a similar procedure has been used also to genetically modify animals, usually mice, which in most cases do not precisely exhibit all of the symptoms of the human disease. At variance, the iPSC model has several advantages including the direct source from the patient. This means that all the differentiated cells will carry not only the mutation but also the entire genetic background of the patient which, in some cases, is crucial to correctly see and evaluate the pathology. Furthermore, when studying neurodegenerative disorders or cardiac pathologies, the possibility to differentiate postmitotic cells as neurons or cardiomyocytes carrying the mutation in the correct biological environment eliminates the doubtful results due to the absence, in the heterologous system, of cell-specific accessory proteins.
One example out of many, congenital long-QT syndromes (LQTSs) are a group of heritable, usually autosomal dominant disorders with an estimated prevalence of 1:2500, characterized by an abnormally delayed or prolonged ventricular repolarization phase (Crotti et al. 2008) . To date, LQTSs have been associated with over 500 different mutations in at least 13 genes encoding cardiac ion channel proteins, but the most prevalent forms LQT1 and LQT2 are caused by potassium channel mutations with a percentage of genotyped cases of >50 and 30-40%, respectively (Crotti et al. 2008) . LQT1 was the first cardiac disease modeled using hiPSC, and since then, several hiPSC-derived cardiomyocytes (CMs) from patients carrying mutations in LQTS-associated channels have been considered (Dell'Era et al. 2015) .
Disease-specific abnormalities were observed in LQT1-derived CMs including a variation in the duration and a rate adaptation of the action potential, a 70 to 80% reduction in slow delayed rectifier potassium current I Ks , and vulnerability to catecholaminergic stress (Moretti et al. 2010) . Moreover, electrophysiological studies confirmed the protective effect of beta-blockers in the abnormal response to catecholamine stimulation, thus supporting the current therapeutic approach for LQT1 patients (Moretti et al. 2010) .
Unlike classical genetic studies, the iPSC model is able to give a functional response also in the case of the sporadic form of a genetic disease, where no correlation with specific mutations has been found yet. Indeed, neurons generated from Parkinson's disease (PD) patients carrying leucin-rich repeat kinase 2 mutation, as well as neurons generated from sporadic PD patients, developed evident signs of neurodegeneration, including fewer and shorter neurites and a significant increase in apoptotic cells, probably due to a deficient autophagic machinery (Sánchez-Danés et al. 2012 ).
PSC and pharmaceutics
Reliable data on potential toxic effects of novel therapeutic drugs are urgently needed. Cardiotoxicity, neurotoxicity, immunotoxicity, and hepatotoxicity are serious complications of clinical therapy and one of the main causes for failure of promising drug candidates.
Animal studies, such as mice, dogs, and pigs, have been traditionally used in toxicological research to provide preclinical security evaluation of various therapeutic agents under development, but differences in drug metabolism and related toxicity contribute to the failure of drug trials from animal models to humans (Wobus and Löser 2011; Giri and Bader 2015) .
PSC-derived cells offer a humanized platform for preclinical efficacy and toxicity studies of innovative therapeutic drugs in development. Indeed, the unlimited supply of terminally differen tiated human cardiomyocytes, neurons, and hepatocytes derived from PSC can be used in assays for drug screening and/or toxicity assessment (Ko and Gelb 2014) . However, the clonal origin of an iPSC line as well as the young age of differentiated cells must be considered before reaching hurried conclusions. The use of this technology will allow producing high-quality drugs with a relatively low-cost drug discovery process and will fulfill the guiding principles of replacement, refinement, and reduction for an ethical use of animals in research.
Moreover, starting from iPSC-derived diseased cells, potential or new drug candidates can be easily screened in vitro and then tested in a clinical trial allowing to demonstrate their safety and dose, identify side effects (phase I), and further predict their efficacy in terms of toxicity, dosage, and human susceptibility (phase II).
Using patient-specific iPSCs, a clinical ready drug library was screened and multiple validated hits for novel treatment of alpha1-antitrypsin deficiency patients were identified (Choi et al. 2013) . Furthermore, using iPSCs derived from amyotrophic lateral sclerosis (ALS) patients, a histone acetyltransferase inhibitor called anacardic acid was identified as a drug that rescued the abnormal ALS motor neuron phenotype (Egawa et al. 2012 ). In the last example, a surrogate of diabetic cardiomyopathy was chemically induced in iPSC-derived cardiomyocytes (CMs) and the cells were used in a screening assay for protective drugs (Drawnel et al. 2014) . In parallel, iPSCs were derived from type 2 diabetes mellitus (T2DM) patients, and the resulting CMs showed a similar cardiomyopathic phenotype (Drawnel et al. 2014) . Several protective drugs identified in the first screening were really effective also with T2DM CMs, thus revealing that the iPSC platform has the intrinsic potential to discover new disease mechanisms and valid treatments (Drawnel et al. 2014 ).
PSC-derived cells and transplantation
In January 2009, Geron, a company based in Menlo Park, California, received FDA clearance to begin the world's first human long-awaited clinical trial of a human ESC (hESC)-based oligodendrocyte progenitor cell therapy (GRNOPC1). GRNOPC1 cells have demonstrated remyelinating, nerve growth stimulating, and angiogenic properties leading to restoration of function in rodent models of acute spinal cord injury (Lebkowski 2011) . The phase I clinical trial enrolled its first patient in October 2010, and totally, five young patients, four males, and one female were treated. Although they received billions of cells within 2 weeks of injury, none of them developed an immune response to GRNOPC1 even though some had complete HLA mismatch (Ilic et al. 2015) . At present, a similar study, conducted by Asterias Biotherapeutics, is recruiting participants with the aim to evaluate the safety of escalating doses of oligodendrocyte progenitor cells in subjects with subacute cervical spinal cord injuries (ClinicalTrials.gov identifier: NCT02302157).
In September 2013, the first heart-related clinical trial, made by the Assistance Publique-Hôpitaux de Paris, enrolled the first patient (ClinicalTrials.gov identifier: NCT02057900). Patients with ischemic heart failure receive a fibrin gel embedded with human ESC-derived cardiac-committed CD15 + Isl-1 + progenitors during coronary artery bypass grafting and/or a mitral valve procedure. The objective of this study is to assess both the feasibility and safety issues.
In September 2014, ViaCyte initiated clinical research on its VC-01™ product candidate for type 1 diabetes (http://viacyte.com/clinical/clinical-trials/). VC-01™ has two components: pancreatic progenitor cells (PEC-01) encapsulated in a device to deliver the cells to the patient and protect them from the attack by the patient's immune system. PEC-01 cells are manufactured from a line of hESCs using a carefully controlled directed differentiation process, designed to yield a cell population, devoid of pluripotency, that can mature into glucose-responsive, insulin-producing cells. Indeed, in animal studies, implanted PEC-01 cells have been shown to further differentiate and mature into pancreatic endocrine cells, including beta cells that secrete human insulin in response to increases in blood glucose (Agulnick et al. 2015) .
In parallel to these sporadic studies that still will give us essential information on PSC-derivative safety in clinical use, a massive intervention is taking place to produce and test PSC-derived retinal pigment epithelial (RPE) cells to treat macular degeneration and related diseases. Most of these clinical trials utilize hESC-derived RPE cells (MA09-hRPE), while just one is using hiPSC-derived RPE cells.
MA09-hRPE were derived from single-blastomere ESCs and differentiated into RPE cells at 99% purity (Klimanskaya et al. 2004) . After the introduction to the subretinal space of rats, MA09-hRPE survived for more than 8 months without evidence of pathological consequences, but, more importantly, the cells rescued visual functions measured with both visual acuity and luminance threshold response (Lu et al. 2009) .
Results from completed trials demonstrate no evidence of adverse proliferation, rejection, or serious ocular or systemic safety issues related to the transplanted tissue, and change from baseline in best-corrected visual acuity was observed in patients with age-related macular degeneration (ClinicalTrials.gov identifier: NCT01344993) and Stargardt's macular dystrophy (NCT01354006) (Schwartz et al. 2015) . Recently, Cell Cure Neuroscience Ltd. started a phase I/II trial to test hESC-derived RPE cells in age-related macular degeneration (ClinicalTrials.gov identifier: NCT02286089).
The first clinical trial involving transplantation of iPSC derivatives was carried out in Japan, at Rikagaku Kenkyūsho (RIKEN) Institute. On September 12, 2014, the first participant in the BClinical study of autologous induced pluripotent stem cell-derived retinal pigment epithelium (RPE) cell sheets for exudative age-related macular degeneration (AMD),^a 70-year-old woman, underwent transplantation of a cell sheet graft. Skin Fig. 1 Overview of the regenerative medicine process that involves the derivation and use of iPSCs. iPSCs can be derived from healthy (blue) or genetically diseased patient (pink) and subjected to the desired differentiation protocol. Nowadays (solid-line arrows), terminally differentiated cells derived from the two conditions can be used for drug screening, while patient-derived cells are increasing the knowledge of disease modeling or gene therapy; soon (dashed-line arrows), PSC-derived cells will strengthen the field of personalized medicine and will be finally challenged in autologous transplant (color figure online) sample was harvested approximately 10 months before and used to generate autologous iPSC-derived RPE cell sheets. A single RPE cell sheet (1.3 mm × 3 mm) was engrafted into the subretinal space of one eye without serious hemorrhaging or complications.
In March 2015, the enrollment of patients was suspended, in order to review the trial according to the Act on the Safety of Regenerative Medicine for which processed cells must be manufactured in a governmentlicensed and government-inspected cell processing facility. Nevertheless, the patient was examined at the end of the first year and no signs of tumorigenesis or other major abnormalities were observed as a result of the transplantation. However, the press release by RIKEN states that Bthe efficacy of the iPSC-derived RPE sheet was difficult to assess^(http://www.rikenibri. jp/AMD/img/20151009en.pdf).
Conclusions
The process of replacing, engineering, or regenerating human cells, tissues, or organs to restore or establish normal function, summarized with the words Bregenerative medicine,^is a very complex field of research that has attracted a huge expectation from all mankind. Regenerated products can be easily derived from stem cells, particularly from those that hold a pluripotent differentiation capacity like ESC or iPSC. However, in common with past discoveries, the translation of these products in the clinical setting needs a lot of time to predict and evaluate every aspect that may interfere with the therapeutical healing process.
The long-term effects of a PSC-derived therapeutic approach are still unknown. The genetic and epigenetic alterations associated with reprogramming, the risk of teratocarcinoma formation, and the lack of robust and highly reproducible differentiation protocols all pose significant challenges to the use of iPSCs as cell-based therapies for human patients.
The preliminary studies demonstrated that if therapeutic terminally differentiated cells can be isolated and sorted from the original pluripotent population, a safe product is obtained, devoid of any undesirable side effect, especially the tumor forming capacity. The possibility to obtain iPSCs directly from the patients has focused even more attention in this research field, opening the possibility to personalize the pharmacological treatment, to eventually correct the pathology-linked DNA mutation, and to use patient-derived rejuvenated cells for an autologous transplant (see Fig. 1 ).
The great expectation on regenerative medicine therapeutic protocols will certainly be answered but with the time needed and the systematic methods of a serious and rigorous science. 
